Context-Vitamin D has direct influence on molecular pathways proposed to be important in the pathogenesis of preeclampsia, yet the vitamin D-preeclampsia relation has not been studied.
5.4). Newborns of preeclamptic mothers were twice as likely as control newborns to have 25(OH)D less than 37.5 nmol/liter (adjusted odds ratio, 2.2; 95% CI, 1.2-4.1).
Conclusions-Maternal vitamin D deficiency may be an independent risk factor for preeclampsia. Vitamin D supplementation in early pregnancy should be explored for preventing preeclampsia and promoting neonatal well-being.
MATERNAL VITAMIN D deficiency is a widespread public health problem. In a recent study, we found that approximately 29% of Black pregnant women and 5% of white pregnant women residing in the northeastern United States had vitamin D deficiency, i.e. serum 25-hydroxyvitamin D [25(OH)D] of less than 37.5 nmol/liter, whereas 54% of Black women and 47% of white women had serum 25(OH)D levels indicative of vitamin D insufficiency, i.e. 25(OH)D of 37.5-80 nmol/liter (1) . These staggeringly high rates of poor maternal vitamin D status, particularly among those with deeply pigmented skin, are also found in other regions throughout the world (2) (3) (4) (5) (6) . The vitamin D deficiency epidemic during pregnancy is caused by a lack of adequate sunlight exposure needed to synthesize vitamin D 3 (cholecalciferol) in the skin, coupled with oral intakes that are too low to meet the increased demands of pregnancy, even with regular use of prenatal vitamins containing 400 IU vitamin D 3 (1, 6, 7) .
Vitamin D deficiency during pregnancy has been linked with a number of serious short-and long-term health problems in offspring, including impaired growth, skeletal problems, type 1 diabetes, asthma, and schizophrenia (8) . Yet few investigators have explored the role of maternal vitamin D status in adverse pregnancy outcomes. Preeclampsia is a pregnancyspecific syndrome that affects approximately 3-7% of first pregnancies. The known racial disparity in preeclampsia, with Black women being more likely to develop severe preeclampsia and suffer greater morbidity associated with the disorder than white women (9, 10) , suggests vitamin D may be relevant. Moreover, the pathogenesis of preeclampsia involves a number of biological processes that may be directly or indirectly affected by vitamin D, including immune dysfunction, placental implantation, abnormal angiogenesis, excessive inflammation, and hypertension (11) (12) (13) (14) . Vitamin D has been hypothesized to influence preeclampsia risk (15) , but we are unaware of any original reports examining the relation between maternal vitamin D status before the clinical onset of preeclampsia and the risk of disease.
Our objectives were 2-fold. First, we sought to assess the independent effect of maternal 25(OH)D levels in early pregnancy on the risk of preeclampsia. Second, we aimed to assess the vitamin D status of fetuses of preeclamptic mothers.
Patients and Methods
For this analysis, we used data and banked sera collected from women and newborns in 1997-2001 and completed 25(OH)D assays on the banked sera in 2006 to answer our aforementioned research questions. Data came from the Pregnancy Exposures and Preeclampsia Prevention Study, a prospective cohort study designed to examine factors that predispose women to preeclampsia. Women were enrolled at less than 16 wk gestation from outpatient clinics at Magee-Womens Hospital in Pittsburgh, PA, and affiliated private practices from 1997-2001. Women aged 14-44 yr, carrying singleton infants, and planning to deliver at Magee-Womens Hospital were eligible. The response rate was 72%. After providing informed, written consent, all subjects completed an interviewer-administered questionnaire at enrollment to collect data on sociodemographics, medical history, and health behaviors. Nonfasting blood samples were collected at times of usual phlebotomy for clinical indications and stored at −80 C. Medical records were abstracted to ascertain blood pressures and urinary protein measurements throughout gestation, use of antihypertensive medications, antepartum and delivery events, and neonatal outcomes. Venous umbilical cord blood samples were collected, and serum was processed and stored at −80 C. The study was approved by the University of Pittsburgh Review Board.
A total of 2211 women enrolled in the study and had complete data on pregnancy outcomes. We conducted a nested case-control study among the 1198 women in the cohort who were nulliparous (i.e. the index pregnancy was their first delivery) and had no preexisting medical conditions (e.g. pregestational diabetes mellitus or chronic hypertension). We selected nulliparous women because the etiology of preeclampsia may differ by parity (16) . There were 59 preeclampsia cases in the cohort (4.9% incidence). Of these, 55 cases had at least one blood sample banked and were therefore included in the current analysis. We randomly selected 220 non-preeclamptic women in the cohort to serve as controls. We did not match on any covariates because matching on factors that are not true confounders can reduce efficiency and introduce bias.
From each of the 55 cases and 220 controls, we sought to select one serum sample at less than 22 wk gestation, one predelivery serum sample, and a cord serum sample. If a woman had more than one sample collected at less than 22 wk gestation, we randomly selected one sample using a random number generator. We chose 22 wk as the cutoff point because it generally precedes the clinical onset of disease. One of the controls had one sample available that measured more than 300 nmol/liter. As described below, it was excluded because it was outside of the detectable range, leaving 219 controls. Of the 55 cases, 49 had an available banked serum sample collected at less than 22 wk, 38 had an available banked serum sample collected predelivery, and 40 had an available banked cord serum sample. These numbers were 216, 189, and 164 for the 219 controls, respectively. Details describing our method for validating the results of the ELISA against HPLC were described in detail previously (1) . The interassay coefficient of variation for 25(OH)D 3 using the HPLC method was 5.8%. The sensitivity of the HPLC method was <10 nmol/liter and had a linear range to 1000 nmol/liter. The relationship between serum 25(OH)D concentrations obtained from the ELISA compared with HPLC was as follows: slope = 1.14, intercept = 22, and r = 0.88. Because the ELISA overestimated concentrations of 25(OH)D by 25% throughout the standard curve, we adjusted the values obtained by ELISA so they would be in better agreement with data obtained by HPLC.
Because there is no universally acceptable definition of vitamin D deficiency, we used cutoff points suggested recently (8, 17) . The same cutoffs were used for both women and neonates because the definition of vitamin D sufficiency does not vary by age (8) .
Preeclampsia was defined as gestational hypertension and proteinuria and return of all abnormalities to normal by 12 wk postpartum (18) . Gestational hypertension was defined as systolic blood pressure persistently 140 mm Hg or higher and/or diastolic blood pressure persistently 90 mm Hg or higher for the first time after 20 wk gestation. We determined blood pressure as the average of the last five pressures obtained after hospital admission for delivery before medications or clinical perturbations that would alter blood pressure. Proteinuria was defined as the excretion of more than 300 mg protein in 24 h, a random sample of 2+ protein, a catheterized sample of 1+ protein, or a protein-creatinine ratio more than 0.3. A jury of clinical experts reviewed medical records of all women in the cohort to assign preeclampsia diagnoses.
Race/ethnicity was self-reported as non-Hispanic white or non-Hispanic Black. Season of sample collection was defined as winter (December, January, and February), spring (March, April, and May), summer (June, July, and August), and fall (September, October, and November). Prepregnancy body mass index (BMI) (weight in kilograms divided by height in square meters) was based on measured height and maternal self-report of prepregnancy weight at the initial visit. Self-reported data were available on gravidity (i.e. number of times a woman has been pregnant: one, two, or three or more), marital status (married or unmarried), maternal education (<12, 12, or >12 yr), and smoking status in the year before the index pregnancy (smoker or nonsmoker). At enrollment, women were asked to report whether they used multivitamins or prenatal vitamins at least once per week in the periconceptional period (defined as the 3 months before and 3 months after conception). Women were also asked to categorize their usual amount of time spent watching television in the year before the index pregnancy as 0-10, 11-20, 21-30, or more than 30 h/wk. Women were asked whether they engaged in any leisure-time physical activity in the year before the index pregnancy and, if so, to rate the usual intensity of this activity as low, medium, or high.
Statistical analysis
Serum 25(OH)D concentrations were log-transformed before statistical tests were performed. We used Pearson χ 2 statistics to compare proportions of women or neonates with vitamin D deficiency by case status. Spearman's rank correlation coefficient was used to test for correlations between maternal and cord serum 25(OH)D levels. Multivariable linear regression was used to estimate differences in mean 25(OH)D concentrations by case status after adjustment for confounders. We used multivariable logistic regression to assess the independent effect of maternal early-pregnancy 25(OH)D concentrations on the risk of preeclampsia. To assess the dose-response relation between 25(OH)D levels and preeclampsia risk, we used published methods (19) to determine the most appropriate specification of 25(OH)D in our model. We tested numerous spline terms and fractional polynomials, but the best fit was found using serum 25(OH)D as a continuous, linear variable. Finally, multivariable log-binomial regression was used to assess the influence of preeclampsia diagnosis on the risk of vitamin D deficiency in newborns.
We fit parsimonious regression models by specifying full models with potential effect modifiers and confounding variables: race/ethnicity, maternal age, education, marital status, season, gravidity, maternal prepregnancy BMI, smoking status, periconceptional multivitamin use, television watching, physical activity, and sample gestational age. Effect modification by race was tested using a likelihood ratio test (α = 0.10). Potential confounders were considered to not be influential and were removed from the model if their inclusion did not satisfy our a priori change-in-estimate criterion (a >10% change in the coefficient for linear regression or a >10% change in the exponentiated coefficient in logistic and log-binomial regression). Maternal race/ethnicity, sample gestational age, prepregnancy BMI, education, season, and sample gestational age met our definition of confounding and were included in the final models.
An important unmeasured covariate in our dataset was calcium intake. Low calcium intake may be associated with vitamin D deficiency (20) and may be a risk factor for preeclampsia (21) . Therefore, calcium intake may confound an association between maternal 25(OH)D and preeclampsia risk. In the absence of calcium data, we used sophisticated methods recently developed by methodologists to control for unmeasured confounding (22) . These methods allow investigators to use a known or expected range of effect estimates of the exposure-confounder and confounder-outcome relations to adjust their final model results for the unmeasured covariate. The text describing these methods in detail is published as supplemental data on The Endocrine Society's Journals Online web site at http:// jcem.endojournals.org (39) . We compared the odds ratio (OR) and 95% confidence interval (CI) from the conventional logistic regression model of maternal 25(OH)D and preeclampsia risk with estimates obtained from the sensitivity analysis iterations, which reflected systematic error and random error associated with missing data on calcium intake (22) .
Results
Cases of preeclampsia were more likely than non-preeclamptic controls to be older, nonHispanic white, married, more educated, nonsmokers, and overweight at the start of pregnancy (Table 1) . Serum samples were drawn at similar gestational ages in cases and controls.
Adjusted serum 25(OH)D concentrations in early pregnancy were 15% lower in women who subsequently developed preeclampsia compared with controls (Table 2) . Furthermore, vitamin D deficiency at less than 22 wk gestation was more common among women who later developed preeclampsia than among women who did not develop preeclampsia. Earlypregnancy maternal 25(OH)D concentration less than 37.5 nmol/liter was associated with a 5-fold increase in the odds of preeclampsia (adjusted OR, 5.0; 95% CI, 1.7-14.1), independent of race/ethnicity, season, sample gestational age, prepregnancy BMI, and education. These results were only slightly attenuated after accounting for unmeasured confounding by calcium intake (point estimate, 4.6; 95% sensitivity analysis interval, 1.6 -13.1). Indeed, as shown in Fig. 1 , there was a strong, inverse relation between serum 25(OH)D levels at less than 22 wk and risk of preeclampsia (P = 0.02). After adjustment for race/ethnicity, season, sample gestational age, education, and prepregnancy BMI, a 50-nmol/ liter decline in 25(OH)D concentration more than doubled the risk of preeclampsia (adjusted OR, 2.4; 95% CI, 1.1-5.4).
At delivery, maternal 25(OH)D concentrations remained 15% lower in women with overt preeclampsia compared with non-preeclamptic controls (adjusted mean, 54.4 nmol/liter, and 95% CI, 45.1-65.7 nmol/liter, vs. 64.7 and 56.4 -74.2 nmol/liter; P = 0.05). There was a high correlation between maternal predelivery and cord serum 25(OH)D in cases (r = 0.97; P < 0.0001) and controls (r = 0.84; P < 0.0001), and therefore, cord serum 25(OH)D concentrations were also significantly lower among neonates of preeclamptic mothers than among neonates of non-preeclamptic control mothers ( Table 3) . Newborns of preeclamptic mothers were twice as likely as newborns of non-preeclamptic mothers to have 25(OH)D less than 37.5 nmol/liter after controlling for confounders.
None of these associations varied by maternal race/ethnicity.
Discussion
Our results showed that maternal vitamin D deficiency at less than 22 wk gestation was a strong, independent risk factor for preeclampsia. Importantly, there was a monotonic doseresponse relation between maternal serum 25(OH)D and risk of preeclampsia. As maternal serum 25(OH)D concentrations at less than 22 wk increased, the risk of preeclampsia strikingly decreased throughout the 25(OH)D distribution. Additionally, we observed that neonates born to preeclamptic mothers were significantly more likely to have poor vitamin D status than neonates of control mothers. These differences were found in our population despite widespread prenatal/multivitamin use in the 3 months before delivery (93%) and in the periconceptional period (46%).
Small studies have reported reduced maternal serum 25(OH)D in overt preeclampsia (23, 24) , which we confirmed in our analysis, but to our knowledge, our study is the first to explore the 25(OH)D-preeclampsia relation before the onset of clinical symptoms. In a recent observational study in Icelandic women, a U-shaped relation between vitamin D intake at 11-15 wk gestation and the risk of hypertensive disorders was suggested (25) , but the authors did not analyze this relation separately for preeclamptics or measure serum 25(OH)D.
Two clinical trials support a potential role of vitamin D in the prevention of preeclampsia, although neither of these treated with vitamin D supplements alone. In an uncontrolled trial, supplementation with a multivitamin/mineral supplement and halibut liver oil (containing 900 IU/d vitamin D) provided at 20 wk gestation reduced the odds of preeclampsia by 32% (95% CI, 11-47%) (26). Marya et al. (27) randomized 400 women at 20-24 wk gestation to vitamin D (1200 IU/d) and calcium (375 mg/d) supplements or no treatment and found a significant reduction in blood pressure (P < 0.001) and a nonsignificant reduction in the incidence of preeclampsia in the treated group compared with the untreated (6 vs. 9%). In a cohort study, investigators found that regular supplementation with vitamin D in the first year of life halved the risk of preeclampsia in the female offspring's first pregnancy (28) . Studies of seasonal patterns in preeclampsia show the lowest incidence in summer, when sunlight is plentiful and serum 25(OH)D concentrations are at their peak, and the highest incidence in winter, when synthesis of vitamin D 3 is limited in temperate zones and serum 25(OH)D levels are at their nadir (29, 30) .
There are numerous biologically plausible mechanisms by which maternal vitamin D status could alter risk of preeclampsia. Preeclampsia is hypothesized to be a two-stage disorder (31) . Stage 1 is reduced placental perfusion, often secondary to abnormal implantation. The poorly perfused placenta is proposed to produce materials that, in an appropriate maternal environment, initiate the ensuing multisystem sequelae (stage 2). These pathophysiological changes are proposed to be secondary to abnormal endothelial function, which is a component of a generalized increase in the inflammatory activation that characterizes normal pregnancy (32) . The active form of vitamin D, 1,25-dihydroxyvitamin D 3 , has been shown to regulate the transcription and function of genes associated with placental invasion, normal implantation, and angiogenesis (12, 33) . Furthermore, abnormal implantation is proposed to be mediated at least in part by an inappropriate immune response between mother and baby. The immunomodulatory properties of 1,25-dihydroxyvitamin D 3 may be relevant in this regard (13, 34) . Maternal vitamin D deficiency may likewise predispose to the increased inflammatory response (13) . Notably, vascular structure and function including vascular compliance, elasticity, and intima media thickness are more favorable among women supplemented with vitamin D (35) . Vitamin D deficiency may also elevate blood pressure (14) . Finally, the proteinuria of preeclampsia is thought to be mediated by renal vascular endothelial growth factor (VEGF). 1,25-Dihydroxyvitamin D 3 has been shown to regulate angiogenic processes through direct effects on VEGF gene transcription (11) .
Our results highlight that neonates of preeclamptic mothers are at particularly high risk of vitamin D deficiency. However, these results are not unexpected. The fetus relies entirely on the vitamin D stores of the mother, so if the mother is deficient, so is the fetus (6, 36) . Because early-life vitamin D deficiency has been associated with adverse health outcomes in offspring (37) , neonates of preeclamptic mothers may be an easily identified group that needs a targeted intervention to improve vitamin D status from birth.
Because Black women experience both a higher risk of severe preeclampsia (9, 10) and higher prevalence of vitamin D deficiency (1) than white women, our data linking vitamin D deficiency with preeclampsia risk raises the intriguing possibility that vitamin D may contribute to racial disparities in this adverse pregnancy outcome. We had a small sample of Black women with preeclampsia (n = 12) and therefore limited power to detect an interaction between 25(OH)D concentrations and race.
We did not have the resources to measure serum vitamin D-binding protein in our samples. Vitamin D-binding protein increases during gestation, whereas 25(OH)D remains constant (38) . Our findings, which reflect total (free and bound) 25(OH)D, may therefore overestimate the available 25(OH)D to perform physiological functions. We also lacked data on PTH concentration, which would have provided a functional indicator of vitamin D status. We do not know whether multivitamins used by our subjects contained ergocalciferol (vitamin D 2 ) or vitamin D 3 . Because our assay detected 100% of 25(OH)D 3 and 75% of 25(OH)D 2 , it would have underestimated concentrations of 25(OH)D among women whose primary source of vitamin D was vitamin D 2 . Although we employed a sensitivity analysis for unmeasured confounding by calcium intake, the associations we assumed between calcium and the exposure and disease may not apply to our population, and residual confounding bias may exist. Future studies with data on calcium intake and vitamin D status will need to further disentangle the effect of each on preeclampsia risk. Nevertheless, our study had several important strengths, including its prospective design, adjudicated preeclampsia outcome, sensitivity analysis for unmeasured confounding, and HPLC validation of the method to quantify 25(OH)D concentrations.
Our results suggest that maternal vitamin D insufficiency in early pregnancy is an independent risk factor for preeclampsia. If our results are confirmed by others, they suggest that preeclampsia may be added to the growing list of adverse health consequences of maternal vitamin D deficiency. Vitamin D supplementation in early pregnancy should be explored as a safe and effective means of preventing preeclampsia and promoting neonatal well-being. a Adjusted for maternal race/ethnicity, prepregnancy body mass index, education, season, and sample gestational age.
